Hereditary cases of breast and ovarian cancer are often attributed to germ-line mutations of the BRCA1 tumor suppressor gene. Although BRCA1 is involved in diverse cellular processes, its role in the maintenance of genomic integrity may be a key component of its tumor suppression activity. The protein encoded by BRCA1 interacts in vivo with the related BARD1 protein to form a heterodimeric complex that acts as a ubiquitin E3 ligase. Because the enzymatic activity of the BRCA1/BARD1 heterodimer is conserved over a broad phylogenetic range, it is thought to be critical for the central functions of BRCA1. To test this hypothesis, we have generated isogenic clones of embryonic stem cells that do or do not express an enzymatically proficient Brca1 polypeptide. Surprisingly, cells lacking the ubiquitin ligase activity of BRCA1 are viable and do not accumulate spontaneous cytogenetic rearrangements. Gene targeting efficiencies are modestly reduced in these cells, and chromosomal rearrangements arise at elevated rates in response to genotoxic stress. Nonetheless, cells lacking Brca1 enzymatic activity are not hypersensitive to the DNA cross-linking agent mitomycin C. They also form Rad51 focus in response to ionizing radiation and repair chromosome breaks by homologous recombination at wild-type levels. These results indicate that key aspects of BRCA1 function in genome maintenance, including its role in homologydirected repair of double-strand DNA breaks, do not depend on the E3 ligase activity of BRCA1.
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breast cancer ͉ BRCA1/BARD1 heterodimer ͉ E3 ubiquitin ligase ͉ homologous recombination ͉ DNA double-strand break repair F amilial susceptibility to breast and ovarian cancer is often mediated by germ-line mutations of the BRCA1 tumor suppressor gene (1) . Because BRCA1 has been implicated in a broad range of cellular processes, it has an especially important role in the maintenance of genome integrity (2, 3) , and studies of genetically engineered mice support a direct role for Brca1 in preserving chromosome stability (4) . Indeed, murine ES cells and mouse embryonic fibroblasts (MEFs) with homozygous Brca1 mutations readily accumulate extensive cytogenetic lesions (5, 6) . Also, BRCA1 is required for homology-directed repair (HDR) (5, 7, 8) , a process that allows for error-free repair of double-stranded DNA breaks (DSBs). In accord with these findings, BRCA1 associates with proteins that mediate DSB repair, such as Rad51, CtIP, and the RAD50/MRE11/NBS1 complex, and is phosphorylated by protein kinases that regulate the cellular response to genotoxic stress, including ATM, ATR, and Chk2/Cds1 (2, 3) . As such, a deficiency in DSB repair may contribute to the chromosomal instability characteristic of BRCA1 mutant cells.
In vivo, most BRCA1 polypeptides exist as a heterodimeric complex with the related BARD1 protein (9, 10) . Both proteins harbor an N-terminal RING domain, an motif required for the enzymatic function of many E3 ubiquitin ligases (11) . Although the individual BRCA1 and BARD1 polypeptides display modest E3 ligase activity in vitro (12, 13) , this activity is dramatically enhanced on heterodimerization (14) . BARD1 has also been implicated in a number of BRCA1 functions, including its ability to promote HDR of DSBs (15, 16) . Also, Brca1-null, Bard1-null, and double Brca1/Bard1-null mice display embryonic lethality phenotypes that are essentially indistinguishable, suggesting that the early developmental functions of both proteins are mediated by the Brca1/Bard1 heterodimer (17) . The tumor suppression activity of BRCA1 also appears to be mediated by the BRCA1/ BARD1 heterodimer, because mammary-specific inactivation of either Brca1 or Bard1 elicits breast tumors in mice that arise with identical kinetics and a common histopathology (18) .
Although the existing data support an important role for the BRCA1/BARD1 heterodimer in the repair (15, 16) , developmental (17) , and tumor suppression (18) functions of BRCA1, the extent to which these processes depend on the E3 ubiquitin ligase activity of the heterodimer is not known. Thus, we have generated isogenic ES cells that express either wild-type Brca1 (Brca1 FH-WT ) or an enzymatically inactive form (Brca1 FH-I26A ) that retains the ability to heterodimerize with Bard1. Although Brca1-null ES cells are not viable, ES cells expressing enzymatically inert Brca1 can be readily cultured in vitro. The levels of damage-induced, but not spontaneous, chromosomal abnormalities are elevated in Brca1 FH-I26A/Ϫ cells relative to control (Brca1 FH-WT/Ϫ ) and wild-type (Brca1 ϩ/ϩ ) ES cells. However, these cells resist genotoxic stress, undergo damage-induced Brca1 hyperphosphorylation, accumulate Rad51 at damageinduced nuclear foci, and mediate HDR of chromosomal DNA breaks at levels comparable with those of wild-type ES cells. Thus, the E3 ligase activity of Brca1 is dispensable for critical aspects of its function in the maintenance of genome stability.
association with a subset of E2 enzymes that bind with similar affinities to a common surface cleft on the RING domain of BRCA1 (19, 20) . Mutations of this surface cleft ablate the ability of BRCA1 to interact with its cognate E2 proteins and consequently impair the enzymatic activity of the BRCA1/BARD1 heterodimer. Among these, the I26A mutation is of particular interest, because it can abolish the E3 activity of BRCA1 without disturbing the overall structure of its RING domain or formation of the BRCA1/BARD1 heterodimer (19, 20) . Therefore, to generate cells that express enzymatically-inactive heterodimers, knock-in targeting constructs containing mouse Brca1 genomic DNA were prepared. As illustrated in supporting information (SI) Fig. S1 , a promoterless hygromycin-resistance gene cassette preceded by a slice acceptor signal and flanked by FRT (FLP recombinase target) sites was inserted into the intron upstream of exon 2. Also, a short sequence (''FH'') encoding an artificial initiator methionine and the FLAG and HA protein epitopes was inserted immediately upstream of the natural translation initiator codon in exon 2. Two forms of this construct were prepared: a wild-type version (pBrca1 FH-WT-hyg ) and a mutant version (pBrca1 FH-I26A-hyg ), in which the I26A mutation was introduced into exon 2. After electroporation of these constructs into 129Sv ES cells, several independent hygromycin-resistant ES clones harboring the Brca1 FH-I26A-hyg and Brca1
FH-WT-hyg knock-in alleles were identified (Fig. S2) . To excise the hygromycin gene cassette from the knock-in alleles, the targeted ES cells were transiently transfected with a plasmid encoding the FLPe recombinase, and properly recombined ES clones bearing the desired genotypes (Brca1 FH-I26A/ϩ and Brca1 FH-WT/ϩ ) were identified by Southern blot analysis and confirmed by sequence analysis (data not shown).
To assess whether the E3 ligase activity of the BRCA1/ BARD1 is required at the cellular level, we sought to inactivate the remaining wild-type allele of the Brca1 FH-I26A/ϩ and Brca1 FH-WT/ϩ ES cells. Thus, a null targeting construct (pBrca1 ex2-hyg ) was prepared by replacing exon 2 (which includes coding sequences for the initiator methionine and part of the RING domain) with a hygromycin gene cassette (Fig.  S3) allele (to yield Brca1 Ϫ/ϩ subclones). The viability and undifferentiated status of individual subclones was confirmed by examination of cell morphology and alkaline phosphatase staining, as well as colony formation assays, as illustrated in supporting information Fig. S4 and Fig. S5 .
The fact that Brca1 FH-I26A/Ϫ subclones, which can only express the catalytically-deficient FH-tagged Brca1-I26A polypeptide, were readily generated indicates that the enzymatic activity of Brca1 is not required for the viability of ES cells. For comparison, we also attempted to produce ES cells homozygous for either a null or hypomorphic Brca1 allele. To obtain Brca1-null cells, a heterozygous Brca1 ϩ/Ϫ ES clone (21) was electroporated with a hygromycin-based Brca1-null construct (pBrca1 ex2-hyg ); of the 11 homologous recombinants obtained, all involved targeting of the nonfunctional Brca1 Ϫ allele (Table S1 ), suggesting that
Brca1
Ϫ/Ϫ ES cells are not viable. We also examined ES cells harboring a truncating mutation (Brca1 tr ) that eliminates the carboxy-terminal half (amino acids 901-1812) of Brca1 (22) .
When heterozygous Brca1
ϩ/tr ES cells were reelectroporated with the pBrca1 tr-neo targeting construct (22), each of the 31 independent homologous recombinants analyzed involved targeting of the mutant Brca1 tr allele (Table S1 ), indicating that Brca1 tr/tr ES cells are also not viable. Likewise, by using a similar approach, we were not able to obtain ES subclones bearing homozygous null mutations of the Bard1 gene (17) . Together, these data indicate that ES cell viability depends on the Brca1/ Bard1 heterodimer, but not on the E3 ligase activity of the heterodimer. (14, 17) , a corresponding reduction in the levels of endogenous Bard1 protein was also observed in Brca1 FH-I26A/Ϫ cells, whereas the levels of another Brca1-associated protein (Ctip) were not affected. Of note, when cells were exposed to ionizing radiation (IR), both the FH-Brca1-WT and FH-Brca1-I26A polypeptides displayed electrophoretic mobility shifts indicative of hyperphosphorylation, suggesting that damageinduced phosphorylation of Brca1 is largely independent of its E3 ligase activity.
To confirm that the FH-Brca1 polypeptides of Brca1 FH-I26A/Ϫ cells are enzymatically inert, we conducted in vitro ubiquitination reactions by using FH-Brca1 complexes from knock-in ES cells as an E3 ligase. These complexes were purified from ES cell lysates by immunoprecipitation on M2 beads, an agarose resin conjugated with Flag-specific monoclonal antibodies. To assess enzymatic function, the purified resin-bound FH-Brca1 complexes were incubated with ATP, ubiquitin monomer, E1 enzyme, and E2 enzyme UbcH5c, and the reaction products fractionated by PAGE. As shown in Fig. 2B , autoubiquitinated forms of the wild-type FH-Brca1 polypeptide from Brca1 FH-WT/Ϫ cells were readily observed by immunoblotting with HA-specific antibodies (lanes 2 and 4). In contrast, autoubiquitinated I26A-mutant polypeptides could not be detected in Brca1 FH-I26A/Ϫ cells (lanes 6 and 8). 
Cells Lacking Brca1 Enzymatic Activity Are Resistant to Mitomycin C (MMC).
To ascertain whether the enzymatic activity of BRCA1 is required for cellular resistance to genotoxic stress, a clonogenicity assay was used to evaluate the response of isogenic ES subclones to MMC, a DNA cross-linking agent. As shown in Fig.  3 , the MMC survival curve of Brca1 FH-I26A/Ϫ cells is completely overlapping with those of the Brca1 FH-WT/Ϫ and Brca1 ϩ/Ϫ control cells. In parallel, we also analyzed ES cells homozygous for a hypomorphic allele that encodes a Brca1 polypeptide that retains the RING and BRCT domains but lacks the large central segment specified by exon 11. Although designated Brca1 ⌬223-763 (23) , this allele has also been referred to as Brca1 Ϫ in some studies (5, 7, 8, 24) . In any case, homozygous Brca1 ⌬223-763/⌬223-763 ES cells are hypersensitive to MMC and deficient for HDR of DSBs (5, 7, 8) . In accord with the published data (5), we found that these cells, unlike Brca1 FH-I26A/Ϫ cells expressing enzymatically inactive Brca1, displayed a pronounced hypersensitivity to MMC (Fig. 3) . Thus, ES cell resistance to MMC depends on some aspect of Brca1 function, but not its ubiquitin ligase activity.
Brca1 FH-I26A/؊ ES Cells Do Not Accumulate Spontaneous Chromosome
Abnormalities. Cytogenetic analyses have shown that chromosomal rearrangements spontaneously arise at high rates in Brca1 ⌬223-763/⌬223-763 ES cells (5) . To ascertain whether the enzymatic activity of Brca1 is required for chromosomal stability, we examined the karyotypes of several different ES subclones. As expected, Brca1 ⌬223-763/⌬223-763 cells harbored high levels of spontaneous defects, predominantly chromosome exchanges, relative to the parental Brca1 ϩ/ϩ cells (Table S2 and Fig. S6 ). Significantly, Brca1 FH-I26A/Ϫ cells displayed low levels of chromosomal rearrangement, comparable with those of the control (Brca1 FH-WT/Ϫ ) and wild-type (Brca1 ϩ/ϩ ) ES cells. Thus, although Brca1 suppresses spontaneous chromosomal instability, its ubiquitin ligase activity is not required for this function.
DNA Damage Elicits High Levels of Chromosomal Rearrangements in
Brca1 FH-I26A/؊ Cells. Despite their resistance to spontaneous chromosomal rearrangements, Brca1 FH-I26A/Ϫ cells accumulated cytogenetic defects at high rates when subjected to DNA damage by MMC exposure (Table S2) . Indeed, these rates are greatly elevated relative to those of control (Brca1 FH-WT/Ϫ and Brca1 ϩ/ϩ ) ES cells, although they do not approach the higher levels observed in MMC-treated Brca1 ⌬223-763/⌬223-763 cells. Because the steady-state expression of mutant FH-Brca1-I26A is lower than that of the wild-type FH-Brca1-WT polypeptide (Fig.  2) , we do not know whether the heightened chromosomal instability of MMC-treated Brca1 FH-I26A/Ϫ cells is due to the enzymatic deficiency or the reduced expression levels of FHBrca1-I26A. Although the relationship between homologous integration and HDR is not fully understood, cells bearing mutations in certain DSB repair genes, including Brca1 and Brca2, often display deficiencies in both processes (5, 7, 8, 25) . To measure homologous integration at the Pim1 locus, Brca1 FH-I26A/Ϫ and Brca1 FH-WT/Ϫ cells were electroporated with p31kDR-GFP, a DNA construct that contains a DR-GFP recombination substrate (described below) and a promoterless neomycin-resistance marker flanked by targeting arms comprised of Pim1 genomic DNA. After neomycin selection, the surviving subclones were examined for homologous integration at the Pim1 locus by Southern blot analysis (5). As illustrated in Table S3 , Pim1 targeting was observed in 86% of the neomycinresistant Brca1 FH-WT/Ϫ clones and 40-48% of the drug-resistant Brca1 FH-I26A/Ϫ clones. Similar modest reductions (2-4 fold) of the gene-targeting efficiency were also observed in Brca1 FH-I26A/Ϫ cells with constructs designed to integrate homologously at 2 distinct chromosomal loci, Rb and Rosa26 (Table S3) . Thus, cells lacking Brca1 enzymatic function display a reproducible defect in their capacity to support homologous integration. Again, we cannot distinguish whether this deficiency is due to the enzymatic inactivity or the reduced levels of FH-Brca1-I26A in Brca1 FH-I26A/Ϫ cells. However, this defect is modest relative to the striking effects seen in Brca1 ⌬223-763/⌬223-763 ES cells, where targeting efficiencies were reduced 23-fold at the Pim1 locus and 13-fold at the Rb locus (7).
We next examined HDR of DSBs within a defined chromosomal locus by using an integrated DR-GFP recombination substrate (26) . The DR-GFP substrate has 2 nonfunctional copies of the GFP gene: SceGFP, which is disrupted by an 18-bp insertion recognized by the I-SceI endonuclease; and iGFP, which lacks the N-and C-terminal coding sequences of GFP. When a DSB triggered by I-SceI cleavage of SceGFP undergoes HDR using iGFP as the template, a functional GFP gene is generated, and such events can be quantitated by flow cytometry (26) . Because the p31kDR-GFP targeting construct contains the DR-GFP substrate, the G418-resistant Brca1 FH-I26A/Ϫ and Brca1 FH-WT/Ϫ subclones that arose by homologous integration of this construct (Table S3) (Fig. 4A) . Surprisingly, I-SceI expression induced a similar proportion of Brca1 FH-I26A/Ϫ GFP cells (2.5%), suggesting that the enzymatic activity of Brca1 is not required for HDR. In contrast, HDR efficiency is significantly reduced in Brca1 ⌬223-763/⌬223-763 ES cells (0.6% GFP cells) relative to isogenic Brca1 ϩ/ϩ cells (2.3% GFP cells) harboring a DR-GFP substrate integrated at the same position of the Pim1 locus (Fig. 4A) (5) . Thus, although Brca1 and Bard1 are both required for homology-directed repair of chromosomal DNA breaks (5, 7, 15, 16) , the ubiquitin ligase activity of the Brca1/Bard1 heterodimer appears to be dispensable.
The Ubiquitin Ligase Activity of Brca1 Is Not Required for Assembly of
Rad51 Nuclear Foci in Response to DNA Damage. In cells subjected to IR, Rad51 polypeptides accumulate at sites of DNA damage to form IR-induced foci (IRIFs). These nuclear structures, which can be visualized by immunofluorescent microscopy, likely reflect assembly of the Rad51 nucleofilaments necessary for homology-dependent DSB repair. A requirement for Brca1 in this process was established by the fact that Rad51 accumulation into IRIFs is dramatically reduced in Brca1 ⌬223-763/⌬223-763 ES cells relative to isogenic Brca1 ϩ/Ϫ cells (24) . In accord with this study, we also observe deficient formation of Rad51-staining IRIFs in Brca1 ⌬223-763/⌬223-763 cells (Fig. 4B) . However, IRIFs occurred at normal levels in ES cells expressing either the wild-type or enzymatically-deficient FH-Brca1 polypeptide (Fig.  4B) . These data indicate that Rad51 recruitment to sites of DNA damage, a key step in DSB repair by homologous recombination, depends on Brca1, but not its ubiquitin ligase activity.
Discussion
In living cells, most BRCA1 polypeptides exist in association with the related BARD1 protein (9, 10) , and the resulting BRCA1/BARD1 heterodimer displays an ubiquitin E3 ligase activity that is dramatically (Ͼ100-fold) higher than that of either BRCA1 or BARD1 alone (14) . Indeed, as the only known enzymatic activity intrinsic to BRCA1, it was reasonable to propose that the E3 ligase activity is critical to BRCA1 function. To test this hypothesis, we have generated isogenic ES cells that express either a wild type (Brca1 FH-WT ) or enzymaticallydeficient (Brca1 FH-I26A ) form of Brca1. Surprisingly, we found that the E3 ligase activity of BRCA1 is dispensable for mammalian cell viability, as well as for critical aspects of BRCA1 function in genome stability, including cellular resistance to genotoxic stress, suppression of spontaneous chromosomal rearrangements, damage-induced BRCA1 hyperphosphorylation, Rad51 recruitment to damaged DNA, and HDR of DSBs.
BRCA1 is thought to be essential for the viability of mammalian cells (27) . This is consistent with the early embryonic lethality of mice bearing homozygous null Brca1 mutations (21, 28) , the failure to culture MEFs from Brca1-null mice (21, 28) , and the inability to generate viable ES cells by targeted inactivation of both alleles of Bard1 (17) . BRCA1-null cells do exist in, and have been cultured from, human and mouse tumors; however, these malignant cells harbor additional genetic lesions that presumably allow for viability in the absence of BRCA1 (27) . Nevertheless, sustained growth of normal diploid mammalian cells that lack BRCA1 has not been demonstrated. Thus, the relative ease with which we were able to generate ES cells lacking the E3 ligase activity of Brca1 immediately suggested that this activity is not required for all cellular Brca1 functions.
Brca1-deficient ES cells generated by gene targeting typically display a karyotypic instability manifested by aneuploidy and/or gross chromosomal rearrangements (5, 6, 29) . In contrast, we found that ES cells expressing enzymatically-inactive Brca1 (Brca1 FH-I26A/Ϫ ) develop chromosome defects at low rates that are indistinguishable from those of isogenic cells with wild-type Brca1 (Brca1 FH-WT/Ϫ ). These results suggest that Brca1 acts to suppress spontaneous chromosomal rearrangements, but that its E3 ligase activity is not essential for this function. Nevertheless, gross chromosome aberrations are induced on exposure of Brca1 FH-I26A/Ϫ cells, but not Brca1 FH-WT/Ϫ cells, to the DNAcross-linking agent, MMC. At least 2 possible explanations can be invoked to account for the increased chromosomal instability of MMC-treated Brca1 FH-I26A/Ϫ cells. As discussed below, the enzymatic activity of Brca1 may be required for some, but not all, Brca1 functions in the DNA damage response. Alternatively, the reduced levels of FH-Brca1-I26A polypeptides in Brca1 FH-I26A/Ϫ cells (Fig. 2 A) may be insufficient to maintain chromosomal stability in face of the excess DNA damage associated with acute MMC exposure.
There is substantial evidence that BRCA1 is required for HDR of double-strand DNA breaks (5, 7, 8) . Because HDR defects can lead to chromosomal rearrangements and aneuploidy, loss of HDR function may be a key source of genomic instability in BRCA1-deficient cells. Interestingly, the BRCA2 tumor suppressor, which is also implicated in the hereditary breast and ovarian cancer syndrome, is required for HDR (25) , and has been ascribed a specific biochemical role in this process during assembly of the Rad51 nucleoprotein filament (30) . Thus, it is conceivable that HDR deficiency is a common determinant of breast cancer susceptibility in both BRCA1 and BRCA2 mutation carriers. Unlike BRCA2, precise molecular functions for BRCA1 in HDR have not yet been determined. To ascertain whether the E3 ligase activity of BRCA1 is required for HDR, we used 2 distinct assays to measure this process in the isogenic ES cells. First, the ability of these cells to homologously integrate transfected DNA fragments was evaluated in gene-targeting assays. In this manner, we observed a 2-3-fold reduction in the gene-targeting efficiency of Brca1 FH-I26A/Ϫ cells relative to the control Brca1 FH-WT/Ϫ cells. Although this effect was consistent when analyzed at 3 distinct chromosomal loci, it is considerably smaller than the 10-25-fold reductions observed in Brca1 ⌬223-763/⌬223-763 ES cells. Again, we cannot distinguish whether the modest gene-targeting deficiency of Brca1 FH-I26A/Ϫ cells is due to the enzymatic inactivity or the reduced expression levels of FH-Brca1-I26A.
Gene targeting occurs through an ''omega'' intermediate in which the 2 targeting arms of the linearized construct align with homologous sequences in the chromosomal locus. As such, homologous integration of the targeting construct entails 2 distal recombination reactions, each involving chromosomal invasion by a 1-ended DSB (26) . However, HDR of a genomic DNA break is mediated primarily by recombination with an intact sister chromatid through a single recombination reaction that involves 2 proximal DSB ends (26) . When these events were measured by using an integrated DR-GFP recombination substrate, we observed equivalent levels of HDR in ES cells that do or do not express enzymatically proficient Brca1. As the Brca1 and Bard1 polypeptides have both been implicated in HDR (5, 7, 15, 16) , these results indicate that the Brca1/Bard1 heterodimer, but not its ubiquitin ligase activity, is required for HDR of chromosomal DNA breaks.
Our results show that the enzymatic activity of BRCA1 is dispensable for ES cell viability, cellular resistance to MMC, damage-induced Brca1 hyperphosphorylation, suppression of spontaneous chromosomal rearrangements, and HDR of chromosomal breaks. What, then, are the functions of its E3 ligase activity? Because enzymatically-deficient FH-Brca1 polypeptides are expressed at lower levels than wild-type FH-Brca1 (Fig. 2) , one possibility is that autoubiquitination serves to increase the stability of BRCA1. This notion would be consistent with the ability of BRCA1 and BARD1 polypeptides to stabilize one another in a reciprocal fashion (14, 17, 31) , and the fact that autoubiquitinated BRCA1 is conjugated to K6-linked chains that do not target proteins for proteasomal degradation (32) (33) (34) . Accordingly, the reduced levels of enzymatically-deficient FH-Brca1 in Brca1 FH-I26A/Ϫ cells may allow for suppression of chromosomal rearrangements in the absence, but not the presence, of overt genotoxic stress (Table  S2) . Likewise, these reduced levels may also be sufficient for HDR when measured by using DR-GFP assays, in which each transfected cell experiences a single chromosomal break (Fig.  4) , but not gene-targeting assays, in which each transfected cell is exposed to multiple double-strand DNA ends (Table S3) . Nonetheless, we cannot preclude the possibility that BRCA1 promotes some aspects of the DNA damage response, such as as suppression of MMC-induced chromosome lesions, through enzymatic activity, and others, including homology-directed repair of DSBs, through nonenzymatic means. It will be especially important to determine whether the E3 ligase activity is required for the critical role of BRCA1 in suppressing tumor formation in mammary and ovarian epithelial cells. Meanwhile, the current results indicate that significant aspects of BRCA1 function in genome maintenance are independent of its E3 ligase activity.
Materials and Methods
Detailed methods for ES cell culture, targeted mutagenesis experiments, MMC survival assays, HDR assays, and karyotype analysis are provided as SI Materials and Methods.
Expression of FH-Brca1
Polypeptides. ES cells were subjected to 10 Gy of IR or left untreated, incubated at 37°C for 2 h, and harvested in PBS supplemented with 2 mM PMSF and 1ϫ phosphatase inhibitors (20 mM NaF/1 mM sodium pyrophosphate/1 mM sodium orthovanadate). The cells were then lysed in low salt Nonidet P-40 buffer (10 mM Hepes, pH 7.6/250 mM NaCl/0.1% Nonidet P-40/5 mM EDTA/10% glycerol), supplemented with 1 mM DTT, 25 mM NaF, and complete protease inhibitor mixture tablet (Roche); and the lysates were clarified by high-speed centrifugation. For direct Western blot analysis, 50 g of whole cell lysate were fractionated by SDS/PAGE on 4 -20% Tris⅐HCl Criterion precast gels (BioRad). Immunoblotting was performed with monoclonal antibodies specific for the HA epitope (rat clone 3F10, Roche) and ␣-tubulin (mouse clone DM1A, Calbiochem), and rabbit polyclonal antisera raised against mouse Bard1 and mouse Ctip (17) .
Brca1 Autoubiquitination Reactions. ES cells were suspended in lysis buffer (20 mM Tris⅐HCl, pH 8.0/150 mM NaCl/0.5% Nonidet P-40/1 mM EDTA/10% glycerol/1 mM DTT/5 mM NaF/Roche Complete Mini EDTA-free protease inhibitor) on ice for 20 min. The lysates were then centrifuged at 13,000 rpm for 10 min at 4°C, and the supernatants incubated with Flag M2 resin (Sigma) for 3 h at 4°C. Each resin was washed 3 times with lysis buffer, once with Tris buffer (25 mM Tris⅐HCl, pH 7.9/50 mM NaCl/10% glycerol/1 mM DTT), and once with ubiquitination buffer (50 mM Tris⅐HCl, pH 7.4/5 mM MgCl 2/2 mM NaF/10 nM okadaic acid/2 mM ATP/6 mM DTT). The resinimmobilized protein was then incubated for 45 min at 37°C in ubiquitination buffer with 40 ng of His-6-tagged E1 ubiquitin activating enzyme (Biomol) and 200 ng of 6H-UbcH5c, in the presence or absence of 1 g of ubiquitin (32) . After adding protein sample dye, each resin was boiled for 5 min, centrifuged, and the supernatant was fractionated on a 4 -20% gradient electrophoresis gel. The proteins were transferred to a nitrocellulose membrane and the FH-Brca1 polypeptides visualized by immunoblotting with high-affinity anti-HA antibody (clone 3F10, Roche).
Rad51
Immunostaining. Three hours after IR treatment (10 Gy), ES cells were fixed and permeabilized as described (24) . IRIFs were stained by using rabbit anti-Rad51 antibody (Oncogene-EMD) at a 1:500 dilution and the secondary fluorophore-conjugated antibody (goat anti-rabbit; Southern Biotech) at a 1:200 dilution. The nuclei were then counterstained with Toto-3 (Invitrogen), and the mounted cells were inspected by confocal laser microscopy. IRIFs were counted in 50 nuclei of each genotype.
